Bone has a built-in electric field because of the presence of piezoelectric collagen. To date, only externally applied electric fields have been used to direct cell behavior; however, these fields are not safe or practical for in vivo use. In this work, for the first time, we use a periodic microscale electric field (MEF) built into a titanium implant to induce osteogenesis. Such a MEF is generated by the periodic organization of a junction made of two parallel semiconducting TiO 2 zones: anatase and rutile with lower and higher electron densities, respectively. The junctions were formed through anatase-rutile-phase transition in selective areas using laser irradiation on the implants. The in vitro and in vivo studies confirmed that the built-in MEF was an efficient electrical cue for inducing osteogenic differentiation in the absence of osteogenic supplements and promoted bone regeneration around the implants. Our work opens up a new avenue toward bone repair and regeneration using built-in MEF.
INTRODUCTION
One of the major components of natural bone, collagen fibers, is a piezoelectric material. 1, 2 Therefore, during the constant motion of bone, bone cell activities and tissue formation take place in the presence of a built-in, not externally applied, electric field. Although electrical signals play an important role in wound healing and tissue regeneration, 3 current studies have mainly used externally applied electric fields to direct cell behavior in vitro. [4] [5] [6] [7] When externally applied to cells, electrical signals are mainly transduced into intracellular signals through the cell membrane. 8, 9 The components of cell membranes, such as proteins, lipids and carbohydrates, are all charged molecules. When an external electric field is applied to cells, the charged components of the membranes are redistributed, and the voltage is hyperpolarized. [10] [11] [12] These two processes were found to significantly affect cell behavior.
Inspired by these observations, various experiments have been carried out to use external electric fields to modulate cell differentiation on bone implants surface in vitro. Cui et al. 4 used electric fields generated by special devices to modulate osteoblast differentiation on a polyelectrolyte multilayer film. They found the polyelectrolyte multilayer film coupled with an electrical stimulus could promote in vitro osteoblast differentiation in the early phase. 4 When an electric field produced by a transformer-type device was applied to mesenchymal stem cells (MSCs) cultured on artificial extracellular matrices in vitro, it enhanced the osteogenic differentiation only in the presence of osteogenic supplements in the cell culture. 5 In a separate study, conductive polymers were used as implant substrates to apply an electric stimulus to enhance the osteogenic differentiation of MSCs. 13, 14 Although electric fields have been used for stimulating cellular behaviors in vitro, [15] [16] [17] currently, they are only applied externally to the implants through special devices that are not practical in eventual in vivo applications and can also pose potential safety issues when applied to the human body. Some components of bone, such as collagen fibers that are assembled into microscale fibrous patterns, are piezoelectric. 18 Therefore, bone cells are actually living in a microscale electric environment. 2 Inspired from this fact, we propose to generate a built-in microscale electric field (MEF) periodically distributed in titanium bone implants by periodically converting some anatase zones into rutile through periodic selective laser irradiation (Figure 1 ). Laser irradiation is an effective approach to converting anatase into rutile. 19, 20 During the laser scanning of a pristine anatase TiO 2 surface film of a titanium implant, the irradiated TiO 2 zone (IT) becomes an n-type semiconducting rutile phase with a greater electron density, whereas the nonirradiated parallel TiO 2 zone (NT) remains an n-type semiconducting anatase phase with a lower electron density. Therefore, after laser scanning, the implant surface is made of the periodically organized parallel anatase and rutile zones with tunable intervals. The difference in the electron density between the parallel neighboring anatase and rutile zone results in the formation of an intrinsic built-in MEF (Figure 1 ). When anatase and rutile form a junction, the electrons flow from the anatase to the rutile phase and generate an electric field, making the surface potential of the rutile zone more negative than the anatase zone. 21, 22 Consequently, a periodically organized MEF is produced across the implant surface, as shown in Figure 1 . This further drives us to study whether avoiding the use of an external electric field but using a built-in MEF can induce osteogenic differentiation and bone regeneration.
As ion channels, membrane proteins, ligands and receptors are all charged with different surface potentials, the surface charges of cells would be polarized under the guidance of a MEF. 6, 10, 23 Because of the shielding effect of the plasma membrane, the macromolecules and ion channels embedded in the cell membrane would interact with an external electric field through Coulombic interactions. 10 Under the sustained effect of a MEF, polarized stem cell surface proteins might transduce the electrical signal to the nucleus to activate osteogenic-related genes that might induce osteogenesis (Figure 1) . Therefore, we hypothesized that a built-in MEF could induce osteogenic differentiation and bone regeneration.
EXPERIMENTAL PROCEDURES Preparation of titanium substrates with built-in MEF
Biomedical titanium sheets with a thickness of 0.2 mm were obtained according to standard ASTM (American Society for Testing & Materials) F67-2000 from Baoji Qichen New Material Technology Co., Ltd. (Baoji, China). First, spontaneous TiO 2 was prepared on the titanium substrates using a hydrothermal treatment process in a 5 mol l −1 NaOH (AR, Aladdin, Shanghai, China) solution at 80 °C for 12 h. Subsequently, the samples were placed in a 1 mmol l −1 HNO 3 solution for 2 h and then heat treated at 550 °C for 2 h. Second, to fabricate the titanium substrate with a built-in MEF, an IPG solid-state laser (λ =1064 nm, Handslaser, Shenzhen, China) was used for selectively inducing phase transition at a laser power of 2.2 W and a laser scanning speed of 100 mm s −1 . Meanwhile, with the help of CAD software (HL software, Handslaser), the intervals of the MEF could be finely tuned by changing the laser scanning pathways. For samples used for the animal experiments, cylindrical titanium rods (2 mm in diameter) were attached to a stepmotor to form the builtin MEF on their surface.
MEF characterization
Scanning electron microscopy (ZEISS EVO18, Carl Zeiss Group, Oberkochen, Germany) coupled with energy-dispersive X-ray spectrum (INCA200, Oxford instruments, Oxford, UK) was used to characterize the morphology of the MEF. Kelvin probe force microscopy (Bruker Multimode 8, Santa Barbara, CA, USA) was used to construct the surface potential map of different parts of the MEF. The zeta potential of control 2 and control 3 was measured using a Zetameter (SurPASS, Anton Paar, Graz, Austria) by measuring the streaming potential in a KCl electrolyte (10 −3 M). Mott-Schottky plots of the NT and IT samples were investigated in a conventional three-electrode cell using an electrochemical workstation (Zahner, Zennium, Kronach, Germany). The NT and IT with an electrode area of 2 cm 2 were used as a working electrode. An Ag/AgCl electrode and a platinum electrode were used as the reference and counter electrode, respectively. Mott-Schottky plots were measured at a frequency of 1000 Hz in a phosphate buffer solution (Gibco, Carlsbad, CA, USA, 1 ×) at room temperature.
Cell culture and seeding on the MEFs and controls
The MEFs and control samples were sterilized by immersion in 70% ethanol for 10 min, and then all sides of the samples were exposed to ultraviolet light for 15 min. Then, the samples were washed with sterilized phosphate buffer solution. Mouse bone marrow-derived mesenchymal stem cells (BMSCs, CRL-12424, ATCC, Manassas, VA, USA), which were tested to be free from mycoplasma contamination, were cultured until achieving ~ 75% confluence, and the BMSCs, before passage 5, were used for an all cell assay. BMSCs were trypsinized and seeded in 24-well plates in normal growth media (10% fetal bovine serum +Dulbecco's modified Eagle's medium, Gibco) at a density of 5000 cells per cm 2 for morphology observation and at 10 000 cells per cm 2 for the osteogenesis experiments. The samples with the seeded cells were placed in a 37 °C incubator under a 5% CO 2 atmosphere.
BMSC morphology and proliferation
To observe the cell morphology, BMSCs were cultured on samples for 2 days and fixed in 4% paraformaldehyde for 10 min. The cells were then stained with an Actin-Tracker Green (Beyotime, Beijing, China) solution that contained 1% bovine serum albumin and 0.1% Triton X-100. Subsequently, cells were also stained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma, St Louis, MO, USA). Images of the cells were observed using a confocal laser scanning microscope (LSM700, Carl Zeiss Group). Before observation, the boarder of the NT and IT were fixed perpendicular to the x axis of the microscope direction. A CCK-8 (Dojindo, Kumamoto, Japan) assay was used to evaluate the proliferation rate of cells growing on the surface of the samples. After incubation for 1, 3 and 5 days, the culture medium was aspirated, and an aliquot of CCK-8 (10%, 100 μl) dissolved in Dulbecco's modified Eagle's medium was added to each sample. The plates were then incubated at 37 °C for 2 h. The CCK-8-containing solution was transferred to a 96-well plate, and the absorbance at 450 nm was measured using a spectral scanning multimode reader (Varioskan Flash, Thermo-Fisher Scientific, Winsford, UK). A live/dead staining assay was carried out on the BMSCs cultured on the MEFs. The BMSCs were seeded on the MEF surface at a density of 2 × 10 4 cells per cm 2 and cultured for 24 h. Then, the cells were rinsed with phosphate buffer solution and incubated in a mixture of 2μg ml −1 calcein acetomethoxy and 5 μg ml −1 propidium iodide for 15 min. Fluorescent images of the cells were obtained using a fluorescence microscope (Eclipsc Ti-U, Nikon, Tokyo, Japan).
ALP activity and detection of mineralized product
Alkaline phosphatase (ALP) activity was measured by quantifying the amount of the pnitrophenol converted from p-nitrophenol phosphate using a microplate absorbance reader at 405 nm and then dividing by the cell protein concentration. After 7 days, the cells were lysed in 0.2% Triton solution for examination. For Alizarin Red S staining, cells cultured for 21 days were rinsed in phosphate buffer solution and fixed with 10% formalin. The fixed cells were stained in 2% (wt/v) Alizarin Red S solution (pH =4.2). After incubation for 10 min, the Alizarin Red S solution was aspirated, and the cells were washed with distillated water. The stained samples were observed using a three-dimensional light microscope (HiroX7700, Hirox Co., Ltd., Tokyo, Japan).
In vivo evaluation of MEF
To evaluate the MEF-induced bone regeneration in vivo, we used a rat femoral defect model.
All animal studies were approved by the animal care and use committee of General Hospital of Guangzhou Military Command of PLA. To acquire the rat femoral defect model, Sprague Dawley rats (male, 12 weeks old) were used. The animals were randomized into five groups: control 1 (pure Ti), control 2 (pristine NT TiO 2 , the substrate without any laser interaction), control 3 (substrate with the full surface being scanned by laser), 30-MEF and 75-MEF. The investigators were not blinded to the group assignments. The number of animals in each group was chosen to be 6 according to a power analysis. The animals were first anesthetized with chloral hydrate, and then a femoral defect was created at the intercondylar notch using a low rotation speed surgical motor. The MEF specimens and their controls (~10 mm long, 2 mm wide) were implanted into the defect sites. The animals were killed after 6 weeks, and bone samples were analyzed using micro-computed tomography (Latheta, Aloka co., LTD, Tokyo, Japan) and histological analysis. The non-decalcified bones with implanted specimens were dehydrated in graded ethanol. Then, these specimens were immersed into a mixture of the methyl methacrylate monomer, dibutyl phthalate and perkadox to initiate polymerization. After polymerization, the specimens embedded in polymethyl methacrylate were cut into sections in the direction vertical to the long axis of the implants using cutting equipment (SP1600, Leica, Solms, Germany), and then the specimen sections were ground to a thickness of ~ 50 μm using grinding equipment (EXAKT-400, Exakt, Norderstedt, Germany). The sections were stained light green and observed using a light microscope (Axioskop 40 POL, Carl Zeiss Group).
Statistical analysis
Data are presented as the mean ± s.d. Significant differences (*P<0.05, **P<0.01, N =6) in the data were analyzed using SPSS (IBM, Armonk, NY, USA) with a one-way analysis of variance.
RESULTS AND DISCUSSION
We utilized selective laser irradiation to site specifically convert some areas of a uniform hydrothermally formed n-type semiconducting anatase phase film into n-type semiconducting rutile phase. Consequently, the NT and IT zones are periodically organized on the implant surface. Specifically, a pristine TiO 2 film was first prepared on the titanium surface by hydrothermal synthesis followed by heat treatment. Computer-controlled laser irradiation was carried out on pristine TiO 2 to construct parallel IT stripes on the titanium surface. During the laser irradiation process, the focused laser beam selectively irradiated the confined area of the pristine TiO 2 . Under the proper laser power, the focused beam could cause an increase in the temperature in the confined microscale area. 24, 25 Finally, a periodic distribution of microscale NT and IT zones could be achieved on the titanium surface. The intervals between the NT and IT zones could be tuned by simply designing the laser scanning distance using a computer program. Here, the implants modified with a laser scanning interval of 75 and 30 μm were referred to as 75-MEF and 30-MEF, respectively (Figure 2a and b) . Because the laser irradiation zone is 13.6 ± 0.5 μm wide when a 10 μm laser scanning distance was applied, the NT film would be completely irradiated, generating a film completely covered by IT.
The surface potential and the compositional analysis of the NT and IT zones were performed to confirm the construction of the MEF. The surface potential was examined by using Kelvin probe force microscopy (carried out on 30-MEF) to determine the periodic surface potential difference between the NT and IT zones. Kelvin force microscopy analysis indicated that the surface potential of the IT zone was ~ 19 mV negatively shifted compared with that of the NT zone (Figure 2c ). For further confirmation of the surface potential distribution, Kelvin force microscopy images of 8 successive domains on the 30-MEF sample were obtained. These images indicated that the domains (NT and IT) with different surface potentials were periodically distributed on the titanium surface (Supplementary Figure S1) . Further charge examination was performed by analyzing the zeta potential of the NT and IT films. The measurement identified the difference in the zeta potential before and after laser irradiation with the IT showing a greater zeta potential at pH ~ 7.4 (Figure 2d) . The fact that in-solution NT films are more negatively charged is consistent with the Kelvin force microscopy results. This result indicates that when NT and IT are distributed as zones on a film, there are differences in the surface charge between the NT and IT zones, generating a MEF on the implant surface.
Energy-dispersive X-ray spectroscopic line scanning confirms that there is no change in elemental composition across the border between the NT and IT zones (Supplementary Figure S2) . The phase compositions of the NT and IT films were examined using the X-ray diffraction spectra in Figure 2e , where A, R and T refer to anatase, rutile and titanium, respectively. The results obviously show that the NT and IT are mainly composed of an anatase and rutile phase, respectively. 26, 27 Mott-Schottky analysis is frequently applied to investigate the semiconductor/electrolyte interface. 28, 29 The carrier density could be obtained from the slope of Mott-Schottky plots using Equation (1) ( 1) where N D is the electron density, C is the space charge capacitance, E fb is flat band potential and A is the active surface. The electron density of the electrode can be calculated from the intercept and the slope. Here, ε is the dielectric constant of TiO 2 , ε 0 is the vacuum permittivity, k is the Boltzmann constant, T is the absolute temperature and e is the elementary charge.
As shown in Figure 2f , both NT and IT films exhibit a positive slope in the Mott -Schottky plots indicating they are both n-type semiconductors. 29, 30 Electron carrier densities of NT and IT samples were calculated to be 1.82 × 10 19 cm −3 and 9.18 × 10 20 cm −3 , respectively. After laser irradiation, the carrier density of the IT zone was increased because of the phase transition and defect formed during laser irradiation. 21, 31, 32 Based on the observations outlined above, we conclude that a MEF was constructed on the titanium surface, as shown in Figure 1 .
To determine whether cells cultured on MEFs could induce and promote osteogenic differentiation and bone regeneration, we prepared three control groups without MEFs. The controls included etched pure titanium (control 1), a pristine NT film prepared by hydrothermal synthesis (control 2) and an IT film prepared by laser irradiation of the whole pristine TiO 2 film (control 3). Rat BMSCs were cultured on these substrates to evaluate the cellular behavior under the guidance of MEFs. At first, the cell morphology was examined by immunofluorescent staining of the actin cytoskeleton using phalloidin. BMSCs on all three control samples were found to have a spreading morphology, with control 2 showing less spreading area. MEFs were also found to induce elongation and parallel alignment of the BMSCs along the direction perpendicular to the border of the NT and IT zones ( Figure  3 ). When a cell is cultured in the presence of the MEF, there is a gradient of charge across the insulating plasma between the cell membranes. During this process, MEF influenced the ion channels and the electrophoresis of membrane proteins, resulting in the regulation of cytoskeletal elements and cell morphology. 6 The cell morphology and organization and orientation of cytoskeleton would have an effect on the subsequent stem cell differentiation. 33 A CCK-8 assay was conducted to further examine the BMSC proliferation ability on MEFs. This assay showed that the pristine NT TiO 2 sample (control 3) and the 30-MEF sample had similar cell viabilities to control 1 and control 2. The cell proliferation ability was slightly depressed on the 75-MEF (Figure 3f ). Meanwhile, a live/dead assay was carried out to test the BMSC cytotoxicity of the MEFs. The live cells were stained green, and the dead cells were stained red. The results in Supplementary Figure S3 indicate that almost all BMSCs were alive after being cultured on the MEFs for 24 h. Therefore, it can be concluded that the MEF samples were not toxic to the cells.
To identify the effect of the MEFs on BMSC differentiation, the ALP activity and the osteogenic products were examined. ALP is the major osteogenic marker during the early time points of osteogenesis. The cells were cultured in growth media (that is, non-osteogenic media) to exclude the influence of osteogenic inducers in the media. 34, 35 On day 7, both the 30-MEF and the 75-MEF significantly enhanced the expression of ALP, indicating that the MEF could induce BMSCs to achieve osteogenesis in the absence of osteogenic supplements. In addition, on day 7, an almost twofold increase in ALP activity could be observed on 30-MEF compared with the controls, suggesting that 30-MEF has the greatest osteogenesis-inducing capability among all samples studied, including the controls without a MEF (Figure 4a ). The 75-MEF samples also showed greater ALP activities compared with the controls. Controls 1, 2 or 3 did not effectively promote osteogenesis because of the absence of osteogenic inducers in the media and their own incapability of inducing osteogenic differentiation. The promotion of increased mineralization on the MEFs indicates that MEFs with adequate intervals could promote BMSC osteogenesis. 36, 37 To confirm and analyze the mineralization process of the MEFs, the cells on days 14 and 21 were stained using Sirius Red and Alizarin Red to confirm the formation of collagen and calcium nodules, respectively (Figure 4b) . At the beginning of biomineralization, differentiated osteoblasts secreted collagen, the precursor for bone mineralization. 38 More secreted collagen could be observed on the 30-MEFs (stained in red). The Alizarin Red staining further confirmed the formation of abundant calcium nodules on the 30-MEFs. These results confirmed that the 30-MEF could induce BMSC differentiation and produce mineralized particles most efficiently.
Various studies have confirmed that externally added electric fields can modulate cell differentiation. 4, 5, 15, 16 In this study, the electric field was not externally applied but was generated and built-in because of the unique periodic organization of the two n-type semiconducting zones, NT and IT, that have different electron carrier densities (Figure 1) . When BMSCs were cultured on the MEF, the cells would respond to the built-in MEF. The response is mainly induced because of the presence of charged molecules, such as the transmembrane proteins, ion channel proteins and phosphatidylserine on the surface of the cell membrane. 8, 9, 11 The MEF would serve as an effective electrical cue for guiding cell differentiation. We believe that the MEF is comparable to the built-in endogenous electric field in natural bone because of the piezoelectric nature of bone collagen. 1, 2 To evaluate whether the MEF could induce bone formation in vivo, the 75-MEF, 30-MEF and the three controls were also fabricated on cylindrical titanium rods (2 mm in diameter) using a laser scanner controlled with a step motor. The samples were implanted into a rat femoral condyle. 39 Figure 5a illustrates that the sample was implanted into the distal femoral condyles of Sprague Dawley rats. At 6 weeks after implantation, the femoral bones with implants were embedded in methyl methacrylate polymer, sectioned and ground to reach a thickness of ~50 μm. The samples were also analyzed using micro-computed tomography. Three-dimensional reconstructions of the micro-computed tomography images are shown in Figure 5b -f. The quantitative analysis of the three-dimensional reconstructed images suggests that the new bone tissue formed around the implanted control 1, control 2, control 3, 30-MEF and 75-MEF Ti cylinders was 2.00, 3.38, 2.16, 5.29 and 3.80 mm 3 , respectively. These results confirmed that the 30-MEF samples could significantly induce bone regeneration to achieve bone repair compared with the other groups. The differentiation of stem cells in vivo was mediated by the electrical cues provided by the surrounding environment. 10, 40 The electrical stimulus was transformed into the endogenous electric field that carried information to guide BMSC differentiation. 40 Therefore, it is possible that the built-in MEF on the implants guided bone regeneration.
Histological sections of the bone-implant constructs were stained light green to examine the bone-implant interface. 41 The newly formed bone (trabeculae) was stained dark green. Generally, only a small percentage of newly formed bone was in direct contact with the control implant samples (Supplementary Figure 4a-c) , which is a signature of poor osteoinduction and integration around the control samples. However, for the MEF implants, the amount of newly formed bones in direct contact with the implant surface was greatly increased. Moreover, more newly formed bone in contact with implants was found on the 30-MEF than on the 75-MEF. These results further confirm that the implants with 30-MEF could induce and promote bone regeneration most efficiently.
CONCLUSION
A periodic MEF was built-in to bone implants to serve as a novel electrical cue for directing and inducing osteogenic differentiation and bone regeneration. The periodic MEF was generated as a result of the periodic distribution of two n-type semiconducting TiO 2 phases, anatase and rutile, and were made to have lower and higher electron densities, respectively. The periodic distribution of the anatase and rutile zones was achieved using selective laser irradiation. The built-in MEF was found to induce the osteogenic differentiation of the BMSCs even in the absence of osteogenic supplements, and this was demonstrated by the fact that the stem cells showed enhanced ALP activity and increased osteogenic products on the implants with the built-in MEFs compared with the control samples. In vivo implantation further confirmed that the MEF could significantly induce and promote bone regeneration around the bone implants. Because the MEF was built-in but not externally applied to the implant surface, the use of a MEF is a convenient and safe approach to inducing osteogenesis and bone formation around implants to achieve excellent osteointegration. In essence, our work opens up a new avenue for bone repair and regeneration. Illustration of the mechanism used to generate the microscale electrostatic field (MEF) and the interaction between the MEF and the stem cells. (Left) The MEF on the titanium surface. NT refers to the non-irradiated n-type semiconducting anatase TiO 2 zone prepared by hydrothermal synthesis, and IT refers to the n-type semiconducting rutile TiO 2 zone prepared by laser irradiation of the anatase TiO 2 zone. The MEF was generated by the surface potential difference between the NT and IT zones. The diagram in the dashed line box illustrates the TiO 2 phase junction of the NT and IT, as well as the electron transfer from the NT (rutile) to the IT (anatase) zone. 21, 42 (Right) Stem cell membrane with charged protein affected by MEF. As ion channels, membrane proteins, ligands and receptors are all charged with different surface potentials, their surface charges would be polarized under the guidance of MEF. The sustained built-in MEF enables the polarized stem cell surface species to transduce signals to the nucleus to activate osteogenic genes that results in enhanced osteogenesis. Effect of the microscale electrostatic field (MEF) on the osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs). (a) Alkaline phosphatase (ALP) enzymatic activity of the BMSCs cultured on the control groups and MEF samples in the growth media showing that the MEF with a 30 μm interval upregulates ALP activity. The samples in each experiment were performed in quadruplicate, and the experiment was repeated twice (**P<0.01). (b) Osteogenic differentiation visualized using Sirius Red staining and Alizarin Red staining after 14 and 21 days of incubation in growth media, respectively, suggesting that the 30-MEF induces collagen secretion and the subsequent calcium mineralization. These results indicate that the MEF with a 30-μm interval most significantly induces and promotes osteogenesis. Scale bar: 500 μm. 
